Abstract The evolution of InAs quantum dot (QD) formation is studied on GaAs ring-like nanostructures fabricated by droplet homo-epitaxy. This growth mode, exclusively performed by a hybrid approach of droplet homo-epitaxy and Stransky-Krastanor (S-K) based QD self-assembly, enables one to form new QD morphologies that may find use in optoelectronic applications. Increased deposition of InAs on the GaAs ring first produced a QD in the hole followed by QDs around the GaAs ring and on the GaAs (100) surface. This behavior indicates that the QDs prefer to nucleate at locations of high monolayer (ML) step density.
Introduction
In recent times, semiconductor quantum dots (QDs) have attracted increased attention because of their potential application in optoelectronic devices, such as, for quantum computation [1] , lasers [2] , single photon sources [3] [4] [5] , charge storage devices [6] and single photon detectors [7] . Because of the need to control the size, shape, and distribution of these zero-dimensional structures, much effort has been put forth to fabricate QDs with uniformity and precision. Different methods have attempted to fulfill this task, including chemical synthesis [8] , lithography [9] [10] [11] , STM and AFM tip-assisted deposition [12, 13] , and self-assembly [14] [15] [16] [17] [18] . The growth of unique complex structures such as rings, ensembles of dots, and molecules have been successfully demonstrated [16, 19, 20] . While these techniques have been quite successful, new approaches would be welcomed.
For example, in one method of self-assembly based on the Stranski-Krastanov (SK) growth mode [14, 15] , lattice strain drives deposited films into three-dimensional structures. That is, in this SK-based growth mode, one material is deposited on a different material surface so that a lattice-mismatch between the two materials creates strain and drives the growth of a nanostructure. This technique, however, is limited by the available lattice mismatch, and therefore a different growth approach is needed both when using latticematched materials such as GaAs/GaAs and when growing nanostructures under inefficient lattice mismatch such as GaAs/Al x Ga 1 -x As. A new approach called ''droplet epitaxy,'' however, overcomes this limitation. In droplet epitaxy, a droplet of one material is deposited on a substrate and forms a nanostructure after annealing (specifically in an As 4 flux in the GaAs/ AlGaAs hetero-epitaxy material [16] and GaAs/GaAs homo-epitaxy material). In the case of the GaAs/ GaAs material, Ga is deposited in droplets on a GaAs substrate by molecular beam epitaxy (MBE). Specifically, the droplet formation is based on the Volmer-Weber growth mode [21] . These droplets are then subsequently exposed to an As 4 flux, forming mound structures and crystallizing to the GaAs surface. With increased As 4 flux, the mounds then diffuse, forming a nano-ring structure. Although work has been done on the GaAs/AlGaAs hetero-material system [15, [22] [23] [24] , little work has been done on the GaAs/ GaAs homo-material system.
In this paper, we report on the use of ring-like nanostructures formed by droplet homo-epitaxy of GaAs/GaAs as a template for InAs QDs based on the SK growth mode. That is, we have discovered a way to form self-assembled InAs QDs using GaAs ring-like nanostructures as templates. Because the ring-like structures have a high-density of GaAs monolayer (ML) steps inside and around the holes, deposited InAs prefers to nucleate QDs along the sidewalls around and inside the holes. Here we focus on showing the progression from bare ring-like nanostructures to structures with an extensive InAs QD growth, mediated by single InAs QDs forming within the hole. This growth mode, exclusively performed by a hybrid approach of droplet homo-epitaxy and SK-based QD self-assembly, enables one to form new morphologies of QDs and single-QD structures that may find use in optoelectronic applications.
Experimental details
Each sample in our experiment was grown on epitaxyready 625 lm-thick GaAs (100) substrates by MBE. The surfaces were monitored with a reflection highenergy electron diffraction (RHEED) system, and the MBE system was equipped with a highly accurate solid-source valve, controlling instantaneous As 4 flux by the positioning of the As 4 valve. The oxide on each substrate was first desorbed at 580°C for 10 min, and a 330 nm GaAs buffer was then grown at 595°C. A 5 min annealing took place, and the temperature was gradually decreased to 540°C. The GaAs ringednanostructures first formed on the surface by depositing 20 ML of Ga (a corresponding amount of GaAs after the Ga ''arsenized,'' i.e., crystallized to the surface) at 1.0 ML/sec and allowing the droplets to coagulate on the surface for 1 min 20 sec. A 1.3 · 10 -6
Torr beam equivalent pressure (BEP) of As 4 was then used (valve 5% open) on the Ga droplets for 1 min 40 sec to allow the Ga to complete the ''arsenization'' process. Subsequently the growth recipe for each sample was performed at 500°C. In this experiment, the samples consisted of 0.0, 0.8, 1.2, 1.36, 1.6, 1.76, 2.0, and 2.4 ML of InAs deposited under a 3.4 · 10 -6 Torr BEP of As 4 flux (40% open) at 0.08 ML/sec. This was then followed by a 20 sec growth interruption. Finally, the temperature was gradually decreased with the As 4 valve 40% open, and the samples were then imaged by ex situ atomic force microscopy (AFM).
Results and discussion
After annealing in an As 4 The first sample is without InAs coverage, as indicated in Fig. 1a and Fig. 2a . The hole of this sample approached an average depth of 22.1 nm below the surface. The hole formation is induced by the interaction energies between the Ga droplets the GaAs surface. The details of formation mechanism of these deep holes will be discussed in other publication. Figure 1b shows how the 0.8 ML InAs coverage significantly filled in the hole, forming a 3 D region with this lower band gap material and decreasing the depth of hole to~5 nm below the surface. Through each subsequent InAs deposition, the hole remained relatively less deep than the initial hole, at~6 nm (±4 nm) below the surface. Figure 1c and Fig. 2c indicate that after 1.2 ML deposition, small InAs QDs formed inside the hole. We believe that the QD critical coverage in the hole is less than the typical 1.7 ML reported for planar InAs/GaAs QDs [25] due to the high density of ML steps in the hole. It appears that these QDs many times formed on the slope of the side of the hole, where the density of ML steps would be more localized, as opposed to the deepest part of the of the hole, i.e. the pit, where the ML steps would be surrounding the QD on all sides. Table 1 indicates that the average height of these QDs is only 3.1 nm, whereas the average height of the QDs in the 1.36 ML deposition is 6.0 nm. After 1.36 ML of deposition, the InAs appeared to prefer to deposit on the previously formed InAs QDs, as the QDs appear to grow in size. However, with continued growth of the largest QD in the holes, multiple QDs appeared on the ring-like nanostructures in the 1.36 ML and 1.6 ML samples. The additional smaller QDs formed both in the holes of the structures as well as on the outside slopes of the structures in the 1.6 ML sample, as shown in Fig. 1e and Fig. 2e . It appears that multiple QDs rarely formed on the ring of the nanostructures in the 1.36 ML deposition, only at 1 out of every 10 ring-like nanostructures, but~1 out of every 2 ring-like nanostructures contain multiple QDs in the 1.6 ML sample. These other QDs formed more frequently with increased deposition, as in the 1.76 ML InAs sample, where~7 QDs appear for every ring-like nanostructure. Thus at 1.76 ML deposition, there is likely similar strain relaxation, i.e. surface energies, inside and outside the holes. In this sample, the main QDs' height and diameter grow significantly, as shown in the plot in Fig. 3 , as well as in Table 1 and in the line profiling in Fig. 2f .
With 2.0 ML coverage, more dots appeared along the perimeter of the ring-like nanostructures, such that there are~13 dots per nanostructure and a density of 7 · 10 9 cm -2 . It appears that the high-density ML step regions continued to play a role in determining where the QDs preferred to nucleate, even as the dimensions of the existing main QDs continued to increase. With the 2.4 ML coverage, the InAs QDs formed extensively around the perimeter of the ring-like nanostructures. The density of QDs on the nanostructures, i.e. along the perimeter of the ring-like nanostructure as well as on the nanostructure's ''body'' itself, is~27 per nanostructure, and the overall QD density reached 2 · 10 10 cm -2 , mainly because QDs also appear on the GaAs (100) surface in this sample. The number of QDs inside the holes does not appear to increase, remaining at~2 per ring-like nanostructure, but the dimensions of those QDs inside the holes do increase, as the plot in Fig. 3 indicates. Specifically, the main QD of each ring-like nanostructure has an average height of 30.2 nm above the reconstructed surface and an average diameter of 107.9 nm, larger than the 18.7 nm height and 87.3 nm diameter with 2.0 ML coverage. The average depth of the deepest part of the nanostructure hole decreases slightly to 2.1 nm in this sample. Because more QDs formed along the reconstructed surface and the perimeter of the nanostructures, and because the sizes of the QDs and of the ring-like nanostructure peaks increased, perhaps the surface energies are similar at each of these locations. If this be the case, it appears the critical coverage for the growth of the InAs QDs on the GaAs surface is between 2.0 and 2.4 ML. The greater than typical 1.7 ML critical thickness of InAs QDs on planar GaAs (100) [25] may be due to the transport of In from the reconstructed surface to the larger QDs. Also, one of the interesting aspects of this growth sequence is that of an approximate linear increase in the QD sizes with the increasing in InAs Photoluminescent (PL) measurements were taken on a sample with 1.2 ML InAs deposition, capped with 200 ML GaAs, and it seems to display unique features. Figure 4a shows the normalized PL curve of a 532 nm wavelength lasing of this sample at a power density of 40 W/cm 2 , and Fig. 4b shows the curve at a lasing power density of 1.26 W/cm 2 , both at 10 K. The peak of this sample's curve at 1.26 W/cm 2 excitation in Fig. 4b is centered at 1.264 eV, and the full-width halfmaximum (FWHM) is 22.3 meV, less than the FWHM of the PL of typical InAs QDs [26] . Also, there is negligible shift in energy in the ground state curve peak when the excitation was increased to 40 W/cm 2 , giving an indication that QDs retain the same energy states for the ground state excitonic recombinations. The other excited states are labeled in Fig. 4 . Thus, this 1.2 ML coverage sample displays good QD homogeneity, which indicates that this form of InAs QD growth on Ga droplet templates may have potential in optoelectronics.
Conclusion
Using MBE, we combined droplet homo-epitaxy and SK-growth techniques to self-assemble InAs QDs on GaAs ring-like nanostructures. The progression of the InAs QD formation on these template GaAs ring-like structures is demonstrated. Increased deposition of InAs on the ring-like nanostructures first produced a QD in the hole followed QDs around the GaAs ring and on the GaAs (100) surface. The large QDs showed good uniformity and a unique progression in size with the increased ML coverage. This method of InAs QD formation may have potential applications in optoelectronics and motivate further research into other types of QD and nanostructure configurations. 
